ABSTRACT Investigations on the inheritance and mechanism of resistance to Bacillus sphaericus Neide in Culex quinquefasciatus Say colonies, selected with strains C3-41 (RLCq1/C3-41) and 2362 (CqRL1/2362), were performed in China and Brazil, respectively. The progeny of reciprocal F1 crosses (susceptible female ϫ resistant male and vice versa) from both resistant colonies responded alike in bioassays, indicating recessive inheritance. Data on larvae susceptibility from the backcross offspring between F1 and their respective susceptible and resistant parental colonies are consistent with a monofactorial and autosomal mode of inheritance. In vitro binding assays between 125 I binary (Bin2) toxin and the brush border membrane fractions (BBMF) from CqRL1/2362 and RLCq1/C3-41 larvae showed that resistance, in both colonies, is caused by a failure in the binding step of the B. sphaericus Bin2 toxin to its speciÞc midgut receptor. The speciÞc and saturable binding of Bin2 toxin to BBMF from F1 larvae (CqRL1/2362 X susceptible counterpart) conÞrms the recessive inheritance of the resistance gene. Further studies are needed to advance understanding of B. sphaericus resistance.
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Bacillus sphaericus NEIDE has been successfully used as a larvicide in mosquito control programs (Kumar et al. 1994 , Skovmand and Bauduin 1997 . B. sphaericus displays a speciÞc toxicity toward some Culicine mosquitoes because of a crystal protein that is synthesized during bacterial sporulation (Davidson and Myers 1981 , Yousten and Davidson 1982 , de Barjac and Charles 1983 . The crystal toxin or Bin toxin is composed of 51 -and 42-kDa polypeptides (BinB and BinA, respectively) that act in synergy (Broadwell et al. 1990 , Davidson et al. 1990 , Nicolas et al. 1993 . B. sphaericus strains, such as 1593 , 2362 , 2297 , that display high toxicity contain Bin toxins, and only minor differences in their amino acid sequences have been reported (Berry et al. 1989, Humphreys and Berry 1998) . Although they display different levels of toxicity against target mosquitoes, the strains 1593, 2362, and C3-41 contain an identical Bin2 toxin. The mode of action of Bin toxin on Culex quinquefasciatus Say larvae, the major target of B. sphaericus, has been partially elucidated. In vitro assays showed that the most important step is the binding of the Bin toxin to a single class of speciÞc receptors present on larval midgut cells (Nielsen-LeRoux and Charles 1992 . With regard to the mode of action on Culex larvae, the BinB component is responsible for the binding to the receptor, and the BinA component confers toxicity and might form pores in the epithelial cell membrane (Nicolas et al. 1993 , Schwartz et al. 2001 . The Bin toxin receptor in C. pipiens larvae midgut was recently identiÞed and cloned as being a 60-kDa ␣-glucosidase (Silva-Filha et al. 1999 , Darboux et al. 2001 .
Despite the effective and speciÞc mode of action of B. sphaericus, C. quinquefasciatus populations can develop resistance against this agent when subjected to strong selection pressure under laboratory or Þeld conditions. Resistance was Þrst observed under laboratory selection carried out in California when two colonies, selected independently, displayed resistance levels of 35-and Ͼ100,000-fold (Georghiou et al. 1992 , Rodcharoen and Mulla 1994 , Wirth et al. 2000 . Field resistance was Þrst reported in populations of C. pipiens complex in the South of France (Sinè gre et al. 1994) . Mosquito control programs in India (Rao et al. 1995 ), Brazil (Silva-Filha et al. 1995 , and China (Yuan et al. 2000) demonstrated both low-and high-resistance levels to B. sphaericus among Culex populations intensively treated with larvicides.
Previous investigations on other highly resistant Culex colonies have demonstrated the existence of different mechanisms involved in the resistance to B. sphaericus. The high level of resistance (100,000-fold) in a laboratory-developed colony, GEO (Georghiou et al. 1992) , was related to a failure in the binding of the B. sphaericus crystal toxin to its midgut receptor . This was also recently found for a Culex Þeld colony (BP) from Southern France (Chevillon et al. 2001 , NielsenLeRoux et al. 2002 . The resistant colony SPHAE (Ͼ10,000-fold) from Southern France (Sinè gre et al. 1994 ) and the highly resistant colony TUNIS, from Tunisia, exhibited resistance mechanisms that were not associated with changes in binding afÞnity between the toxin and the midgut receptors (NielsenLeRoux et al. 1997 (NielsenLeRoux et al. , 2002 . These investigations demonstrated for each colony (GEO, SPHAE, BP, and TUNIS) that resistance to B. sphaericus was determined by a single major recessive gene. For each Mediterranean colony (SPHAE, BP, and TUNIS), one major recessive and sex-linked gene was implicated (Chevillon et al. 2001) . It is likely that several genes, each encoding for different mechanisms of resistance, are present in natural Culex populations (NielsenLeRoux et al. 1997) .
Recently, the evolution of resistance was investigated in two Þeld-collected C. quinquefasciatus colonies from China and Brazil, which under laboratory conditions, were subjected to strong selection pressure with B. sphaericus (Pei et al. 2002) . After 13 and 46 generations were exposed to high concentrations of C3-41 (China) and 2362 (Brazil), these colonies developed Ͼ144,000-and 162,000-fold resistance to those strains, respectively (Pei et al. 2002) . Both resistant colonies obtained after selection with B. sphaericus C3-41 and 2362 showed high levels of cross-resistance to B. sphaericus 2362 and C3-41, respectively, but displayed only a low cross-resistance to the strain IAB-59 (Pei et al. 2002) . The main aim of the current study was to elucidate the mode of inheritance of resistance genes and the mechanism of resistance displayed by these colonies, highly resistant to strains C3-41 and 2362. Understanding these aspects is essential for improving resistance monitoring, detection, and management in vector control programs in regions such as China and Brazil that are particularly concerned with mosquito-borne diseases.
Materials and Methods
Mosquito Colonies. Four C. quinquefasciatus colonies were used in this work: (1) RLCq1/C3-41, a highly resistant (RR Ͼ 144,000) colony selected with B. sphaericus strain C3-41 and SLCq, its susceptible counterpart; (2) CqRL1/2362, a highly resistant (RR Ͼ 162,000) colony selected with B. sphaericus strain 2362 and CqSF, its susceptible counterpart. Each resistant colony and its susceptible counterpart were derived from the same colony established from a large number of Þeld collected egg rafts as described in Pei et al. (2002) . The resistant colonies, RLCq1/ C3-41 and CqRL1/2362, were obtained after continuous laboratory selection pressure in China and Brazil, respectively (Pei et al. 2002) .
Inheritance. All cross-experiments were undertaken between the resistant colonies and the respective susceptible counterparts from China (RLCq1/ C3-41 and SLCq) and from Brazil (CqRL1/2362 and CqSF) independently. Resistant (R) and susceptible (S) pupae from each colony were kept separately until adult emergence. For reciprocal cross, 200 virgin individuals were used to form 50 pairs of S (female) ϫ R (male) and 50 pairs of R (female) ϫ S (male). The offspring of the former pairs (F1a) and that of the latter (F1b) were assayed separately for susceptibility to B. sphaericus. The back-crosses were undertaken between 50 virgin individuals ([female] or [male]) from F1 and 50 virgin individuals ([female] or [male] ) from S and R parental colonies. Pairs composed by crosses of F1 ϫ S parental colonies and F1 ϫ R parental colonies were produced similarly, and the susceptibility of their offspring (BC) to B. sphaericus was analyzed separately. Surviving larvae from these bioassays were reared to adults to estimate the sex ratio and determine if gene inheritance was autosomal or sex-linked.
Bioassays. Progeny (F1 and BC) susceptibility to B. sphaericus was analyzed by bioassays performed with early fourth instars, according to standard method recommended by the WHO (1985) . For all bioassays, larvae were exposed to serial dilutions of spore-crystal lyophilized powders of strains C3-41 or 2362 for 48 h. Plastic cups held 20 larvae in 100 ml of bacterial suspensions in water, and three replicates were performed for the six concentrations tested per bioassay. A control group tested with water only was run in each experiment, and the bioassay was repeated two or three times. Mortality data were analyzed using probit analysis as described by Finney (1971) . Lines representing concentrationÐmortality responses of susceptible and resistant colonies, F1 and BC, were constructed using the LC 50 Õs and slopes estimated from probit analyses.
Binding Assays. In vitro assays between the radiolabeled binary (Bin2) toxin from B. sphaericus strains 1593 and brush border membranes fractions (BBMFs) of larvae midgut from Culex colonies were carried out. The BBMFs were obtained from fourth instars frozen and stored without buffer at Ϫ71ЊC. BBMF preparation was described in Silva-Filha et al. (1997) and is based on selective divalent cation precipitation and differential centrifugation in an ice-cold buffer (0.3 M Mannitol/5 mM EGTA/20 mM Tris-HCl, pH 7.4). The BBMF protein content was measured by the Bio-Rad protein assay (Hercules, CA), and the leucine aminopeptidase (LAP) and ␣-glucosidase activities, enzymatic markers of BBMFs, were measured as described in Silva-Filha et al. (1997 , 1999 . BBMFs from the following colonies were prepared: susceptible CqSL, resistant CqRL1/2362, F1 (CqSL ϫ CqRL1/ 2362), susceptible SLCq, and resistant RLCq1/C3-41. BBMF were stored in aliquots at Ϫ71ЊC until required. The toxin Bin2 from the strain 1593 was obtained from crystals produced in a cry-minus strain (4Q2Ð 81) of B. thuringiensis serovar. israelensis, transformed with the plasmid pGSP10 harboring genes encoding the Bin2 toxin (Bourgouin et al. 1990 ). Preparation of activated toxin and its radiolabeling with 125 I were previously described (Nielsen-LeRoux and Charles, 1992) . Labeled and unlabeled toxins were stored at 4ЊC in 20 mM sodium phosphate buffer (pH 7.5) containing 150 mM NaCl and 0.02% sodium azide (PBS/Az). Saturation assays were performed in duplicate, at room temperature, in a total volume of 100 l of PBS/Az (pH 7.5) buffer containing 0.1% bovine serum albumin (PBS/Az/BSA). Six increasing concentrations of 125 I-toxin (2Ð150 nM) were incubated with 20 g of BBMFs. NonspeciÞc binding was determined in parallel by incubating another set of samples in the presence of an excess (1 M) of the respective unlabeled toxin. Incubation was conducted overnight at room temperature, and the BBMF-bound toxins were separated from free toxins by centrifugation. Counting was performed in a liquid scintillation counter with scintillation cocktail, and data were analyzed using the Ligand program (Munson and Rodbard 1980) .
Results
Inheritance of Resistance. The susceptibility of the heterozygous offspring (F1) resulting from crosses between the resistant colony RLCq1/C3-41 and its susceptible counterpart SLCq was similar to that of susceptible parental colony SLCq (Table 1 ). The concentrationÐmortality regression line of F1 was similar to that of the SLCq (Fig. 1A) . The F1 from the cross between the resistant CqRL1/2362 colony and the susceptible colony CqSF was found to be 15-to 17-fold less susceptible than its susceptible parental (Table 1) . However, its regression line was clearly close to that of the susceptible parental colony and very far from that of the resistant CqRL1/2362 colony (Fig. 1B) . Data indicated that B. sphaericus resistance, in this case, is incompletely recessive. The reciprocal F1s had very similar LC 50 Õs: Ϸ0.01 mg/l for F1a and F1b from the cross RFCq2/C3-41 and Ϸ0.4 mg/l for F1a and F1b from the cross CqRL1/2362 (Table 1) . There was no consistent difference in mortality between sexes in either F1; therefore, the F1 data were pooled for estimating concentrationÐmortality regression lines. Bioassay results of the offspring (BC) showed that high doses of B. sphaericus kill no Ͼ50% of larvae from back-cross F1 ϫ parental resistant, while lower doses achieved close to 100% mortality of offspring from back-cross F1 ϫ parental susceptible, and Ϸ75% of the cross F1 ϫ F1 progeny (Fig. 1) . Data are consistent with a monofactorial mode of inheritance. ConcentrationÐmortality lines for the back-cross (F1 ϫ parental resistant) offspring showed a plateau at 50 Ð55% mortality for RLCq1/C3-41 and at 45Ð50% mortality for the CqRL1/2362 strain ( Fig. 1) , conÞrming that the resistance to B. sphaericus in both colonies is caused by a single major recessive gene. The sex ratio found among the survivors from the B. sphaericus exposures showed a similar number of females and males in all cases, indicating that inheritance of resistance in the China and Brazil colonies is autosomal and not sex linked.
Binding Assays. Saturation assays showed that the Bin2 125 I-toxin binds speciÞcally and with high afÞnity to the BBMFs from CqSL and SLCq, the susceptible colonies of Brazil and China, respectively. Binding of the toxin increased according to the concentrations employed, attaining a saturation plateau in the range of 100 Ð150 nM of labeled toxin ( Fig. 2A) . Data on the Scatchard plot indicated that the 125 I -toxin binds to a single class of receptors present in the BBMF of CqSL (Fig. 2A) . The dissociation constant (K d ) of the complex formed by the 125 I -toxin and the receptors was 9.8 Ϯ 3.2 nM, and the B max , estimating the concentration of receptors available, was 6.3 Ϯ 1.2 pmol/mg of BBMFs. Saturation assays employing BBMFs from the resistant colony CqRL1/2362 showed a very weak speciÞc binding of the 125 I-toxin to the midgut membranes. The speciÞc binding was at the same level as the nonspeciÞc binding recorded (Fig. 2B) . The data obtained do not Þt to a Ligand-receptor model, and the K d and B max could not be calculated for those assays. SpeciÞc binding was observed between the 125 I-toxin and BBMFs from F1. Data on the Scatchard plot indicated that toxin also binds to a single receptor class (Fig. 3) . The saturation plateau was achieved in the range of 50 Ð100 nM of 125 I -toxin employed (Fig.  3) . The K d of the complex formed by the 125 I -toxin and the receptors was 7.9 Ϯ 2.1 nM, and the B max was 3.8 Ϯ 1.6 pmol/mg of BBMFs. Saturation assays between the 1593 125 I-labeled Bin2 toxin and the BBMFs from the resistant RLCq1/C3-41 colony from China showed (as was the case with the CqRL1/2362 colony) that toxin binding was lost throughout the selection and that no speciÞc binding was found as early as in generation F8, displaying a 80,000-fold resistance (data not shown). 
Discussion
Understanding the genetic basis of resistance is fundamental for developing strategies to manage insect resistance to B. sphaericus. In this investigation, reciprocal crosses between susceptible and B. sphaericusÐ resistant C. quinquefasciatus colonies, established in independent laboratory selection procedures in China and Brazil, showed that B. sphaericus resistance is inherited as a recessive and autosomal trait. In both resistant colonies, an absence of sex linkage was observed such that either the female or male parent was capable of transmitting the resistance character to hybrids in the F1. For the colony RLCq1/C3-41, resistance is completely recessive, whereas for the CqRL1/2362, it is incompletely recessive, and it is possible that minor modiÞer gene(s) might also be involved. The single back-cross method was used to determine whether B. sphaericus resistance among those colonies was controlled by one locus (monogenic) or many (polygenic), as described by Georghiou (1969) . The doseÐresponse lines for the back-crosses showed clear plateaus at the 50% mortality level, indicating that in both mosquito colonies, B. sphaericus resistance is inherited in a simple Mendelian manner, as a single major gene. The observed doseÐresponse lines for both back-crosses differed from those observed for polygenic inheritance, which tend to have slopes approximately parallel to those of the back-cross parents (e.g., Liu et al. 1981, Halliday and Georghiou 1985) . In these resistant colonies, RLCq1/C3-41 and CqRL1/2362, as well as for colonies SPHAE and GEO that were previously studied, the B. sphaericus resistance was always inherited as a recessive trait under the control of a single locus , Wirth et al. 2000 . This trait has an important role in the management of resistance because resistance development can be signiÞcantly delayed by the introduction of susceptible mosquitoes from untreated refuges within the treated area or from surrounding untreated areas. In this model, the interruption of B. sphaericus selection pressure, associated or not with the introduction of another control agent, can restore the population susceptibility, as previously observed in B. sphaericus control programs , Yuan et al. 2000 . However, a recent study on the resistant C. pipiens populations intensively treated with B. sphaericus in the South of France provided information on the evolution of this phenomenon under Þeld conditions (Chevillon et al. 2001) . This work showed that resistance detected in two zones of the Bs-treated area are caused by two recessive mutant genes, and both alleles (sp-1 R and sp-2 R ), although recessive, can be widespread and reach signiÞcant frequencies in some of the treated localities. The interaction between the resistant mutants remains unclear because heterozygous individuals possessing one copy of each mutant displayed a 100-fold resistance, less than the 6,000-fold level of resistance displayed when only one of those genes is present in the homozygous state (Chevillon et al. 2001) . The use of the entomopathogen B. thuringiensis serovar. israelensis, for short periods in rotation with B. sphaericus, may be an alternative to eliminate resistant genotypes and to dilute the frequency of the resistance gene. B. sphaericusÐresistant Culex colonies do not display crossresistance to that agent because of its distinct mode of action on mosquito larvae (Nielsen-LeRoux and Charles 1992 , Rao et al. 1995 , Rodcharoen and Mulla 1996 , Wirth et al. 2000 , Pei et al. 2002 .
Both the genetic traits and mechanism of resistance play an important role in a population response to selection pressure. In this work, we also compared the ability of the 1593 Bin toxin (Bin2) from B. sphaericus to bind the BBMFs from C. quinquefasciatus larvae to elucidate the mechanism of resistance observed for the colony CqRL1/2362 and RLCq1/C3-41. Saturation assays showed that the 1593 Bin toxin speciÞcally binds to the BBMFs from the parental colonies (CqSL and SLCq), and the levels of binding (K d and B max ) detected for these colonies were similar to other Culex populations previously investigated (Nielsen-LeRoux and Charles 1992 , SilvaFilha et al. 1997 . However, the 1593 Bin toxin did not show a saturable and speciÞc binding to the BBMFs from either the resistant colony, CqRL1/2362, or RLCq1/C3-41. These assays showed that there was no clear toxinÐreceptor interaction, and as a consequence, the toxic action cannot be accomplished, because functional binding sites are not available in the midgut apical membranes of those larvae. The resis- tance mechanism observed in this work for both 2362-and C3-41-resistant colonies was previously described for GEO, another laboratory-selected colony highly resistant to B. sphaericus , and recently for BP, selected under Þeld conditions . Data indicate that the failure of the toxin to bind to the receptor might be the most common resistance mechanism to Bin toxin found among Culex populations exposed to this agent. Until now, only two reports of highly resistant C. pipiens colonies, SPHAE, Þeld-selected in the Southern France , and TUNIS, Þeld selected in Tunisia, show functional receptors for the Bin toxin in the midgut epithelium . A third resistant Þeld-selected colony from Brazil also showed saturable toxin binding; however, because the resistance level displayed by this colony was very low (10-fold), resistance would not be expected to be strictly associated with the loss of functional receptors . In this work, investigation of F1 larvae (offspring from CqRL1/2362 X CqSL) showed that Bin2 toxin binds speciÞcally to the BBMFs, which also conÞrms that resistance is recessive. In addition, the binding parameters indicate that individuals from F1 display different levels of susceptibility to B. sphaericus. This variation is reßected by a lower concentration of receptors (B max ), while the afÞnity (K d ) is similar to that of the susceptible colony. Data suggest that the decrease in the binding in those cases is not caused by a mutation in the binding site itself but more likely to a reduction of available receptor molecules (␣-glucosidases). This is in agreement with previous binding studies with the GEO colony and with recent Þndings on the molecular basis of B. sphaericus resistance. These experiments demonstrated that a loss of membrane anchoring of the receptor is responsible for the absence of toxin binding to the epithelial cells from larvae midgut (Darboux et al. 2002) . Nevertheless those ␣-glucosidases are present in the larval midgut as soluble form and it is likely to play its physiological role. A previous study showed that B. sphaericus resistance in CqRL1/2362 colony was not associated with an important decrease in biological Þtness (Oliveira et al. 2003) , and further studies are necessary to elucidate the molecular basis of the mechanism of resistance in those colonies as well as to design tools for the detection of resistance genes among natural vector populations that are potential targets of B. sphaericus treatments.
